Abstract A simple model of yield was used along with climate scenarios to assess the impact of climate change on grain maize productivity and associated economic risk in Switzerland. In a first application, changes in the precipitation regime alone were shown to affect the distribution of yield considerably, with shifts not only in the mean but also in the standard deviation and the skewness. Production risk was found to respond more markedly to changes in the long-term mean than in the inter-annual variability of seasonal precipitation amounts. In a further application, yield projections were generated with respect to a full climate scenario, with the emission pathway as specified in the IPCC A2 scenario. Anticipation of the sowing date was found to reduce the negative impact of climate change on yield stability, but was not sufficient to ensure average productivity levels comparable to those observed at present. We argued that this was caused by the reduction in the duration of the growing season, which had a stronger impact than suggested by previous studies. Assuming no change in price relations, the results also revealed a strong increase in production risk with climate change, with more than a doubling in the probability of yield falling short of a critical threshold as compared to today's situation.
Introduction
Climate change as projected by climate models for the twenty-first century has the potential to significantly alter the conditions for crop production, with important implications for worldwide food security (Rosenzweig and Hillel 1998) . Referring to the Intergovernmental Panel on Climate Change Special Report on Emissions Scenarios (SRES; Nakicenovic and Swart 2000), Parry et al. (2004) estimated that while global production is likely to remain stable for most of the century, regional differences could grow stronger through time, with only developed countries benefiting from climate change.
Regional differences in the response of crop productivity to climate change are also likely to emerge in Europe. As reported by Olesen and Bindi (2002) , climate change is expected to have positive impacts only in the northern countries, implying that areas of crop suitability may expand northwards (Olesen et al. 2007 ). Southern areas, on the other hand, will probably have to face increasing water shortage and incidence of extreme adverse weather events. Without suitable adaptation, implications include lower harvestable yields, higher yield variability and a reduction in suitable areas for traditional crops.
In Switzerland, increasing temperature and decreasing summer precipitation could, in the absence of adaptation, also prove adverse to rainfed production of spring and summer crops. On the basis of a temperature increase of 5°C and a decrease in summer precipitation of roughly 30%, Torriani et al. (2007) calculated that average yields for grain maize (Zea mays L.) could decrease by 10% even when positive effects of a doubling of the atmospheric CO 2 concentration are taken into account. They also found that the coefficient of yield variation could increase by as much as a factor of two, implying depressed yield stability and thus higher production risks.
Changes in yield behavior in relation to shifts in climate can become critical for the economy of farms even in areas profiting from favorable conditions at present. An increasing probability of low returns as a consequence of the more frequent occurrence of adverse conditions could prove dramatic for farmers operating at the limit of economic stress. This could be the case in Switzerland, since the projected shortage in water availability during the summer season (Vidale et al. 2007 ) would more frequently lower the productivity of rainfed crops. Assessing the possible impact of climate change on production risks is therefore necessary to help decision makers and stakeholders identify and implement suitable measures of adaptation.
The key aspect for quantifying production risk is how the frequency distribution of yield responds to changes in the climatic settings (Kaylen and Korom 1991; Park and Sinclair 1993) . There are several ways to infer a distribution of yield from climatic data. A first possibility is to use process-based models of crop growth along with a set of daily weather data spanning a reasonable number of years. This approach is often adopted in regional assessments (e.g., Tubiello et al. 2000; Torriani et al. 2007 ) when a realistic description of crop physiology is of advantage.
A second possibility is to infer the distribution of yield from the distribution of climate using production functions (Hexem and Heady 1978) . Models of this kind are widely employed in econometric studies (e.g., Just and Pope 1978; Moss and Shonkwiler 1993; Chen et al. 2004 ) and also in global assessments (e.g., Parry et al. 2004) . Despite obvious limitations with respect to crop physiology, production functions have the advantage of being robust and computationally cheap.
In our study we examined the use of yet another type of model, which was proposed by Monteith in the 1970s (Monteith 1972 (Monteith , 1977 . It is a parametric model that relates yield to the average climatic conditions throughout the growing season using a set of deterministic equations. As opposed to production functions, the model retains some of the basics of plant physiology and should have for this reason a wider range of applicability. Similarly to production functions, however, it cannot accommodate future management decision taken by farmers on a day to day, seasonal or annual basis.
Intended as an extension of the investigation of Torriani et al. (2007) , our study considered climate change effects on grain maize production in Switzerland. Maize is one of the most important cereals both for human and animal consumption (Doorenbos and Kassam 1986) . According to the statistics of the Food and Agriculture Organization of the United Nations (http://faostat.fao. org/), in the 25 countries of the European Union maize production presently accounts for slightly less than 20% of the total cereal production. In Switzerland, with a nationwide average yield of 9.7 t ha -1 at present, maize production shares an 18% of the total cereal production (statistics of the Swiss Farmers' Union; http://www. bauernverband.ch/en/).
The specific aims of the study were:
(1) to demonstrate the reliability of the model approach proposed by Monteith (1972 Monteith ( , 1977 in determining the distribution of maize yield in Switzerland under present climatic conditions; (2) to study the sensitivity of rainfed maize production and associated production risk to changes in the precipitation regime; (3) to study the response of maize yield to climate change given a particular climate scenario; and (4) to provide a qualitative measure of how uncertainties in climate projections may affect yield scenarios. The latter issue is explored in more detail, e.g., by Jones (2000) , Luo et al. (2005) and Minguez et al. (2007) .
A word of caution is necessary before proceeding with the exposition. The specific climate scenario used for the analysis (see next section) refers to a threefold increase in the atmospheric CO 2 concentration by the end of the century and implies rather drastic changes in the temperature and precipitation regime of the Alpine region. Moreover, as stated above, we do not consider adaptation in cropping practices, nor we take into account changes in the agricultural policy and the regional and global markets, which ultimately would alleviate the negative effects of climate change. In this sense, the analysis provides only upper bounds for what could take place in the real world. It should therefore be seen as a way to address the vulnerability of the present-day agricultural production of the Alpine region.
Materials and methods

Yield model
Developed by Monteith (1972 Monteith ( , 1977 ) the model used for our analysis expresses yield as the product of a radiationdependent potential yield, Y pot , and two limiting factors, g h and g VPD :
Here, h stands for the soil water content, VPD denotes the vapor pressure deficit and
e rad being the efficiency of yield formation, SR the average amount of solar radiation received by the crop throughout the growing season and s GS the length of the growing season. Here and in the following, an overbar is used to designate a seasonal mean value. The limiting factors account for two of the most important forms of stress: (1) water stress resulting from shortage of the water supply to the roots; and (2) heat stress resulting from an excessive evaporative demand from the leaves under conditions of elevated levels of the VPD (Monteith 1977) . To parameterize g h we rely on the fact that soil water shortage reduces biomass accumulation and evapotranspiration in comparable proportions (Doorenbos and Kassam 1986) . This makes it possible to equate g h with the evapotranspiration efficiency. At the seasonal time scale, the latter can be expressed in terms of the ratio between precipitation, P, and potential evapotranspiration, ET pot (Budyko 1974; Milly 1993a Milly , b, 2001 . Hence:
where c is a crop-specific parameter.
To model g VPD , we assume that for values of the VPD in excess of about 5 hPa (C. Körner, personal communication) the transpiration efficiency of crops becomes nearly inversely proportional to the VPD (Tanner and Sinclair 1983) . This behavior can be generalized as a threshold response (Thornley and Johnson 2000) as follows:
where k, m and n are again crop-specific parameters.
Model parameterization
There are five parameters in Eqs. 1-4: e rad , c, k, m and n. Of these, the efficiency of yield formation, which at 350 ppmv atmospheric CO 2 concentration is of the order of 0.07 t ha -1 (W m -2 ) -1 , is considered to be specific not only for the crop but also for different cultivars, reflecting among other things disparities in leaf-area development and harvest index (Muchow et al. 1990 ). Its value was therefore specified separately for each application (see respective sections below) ensuring that computed median yields matched the median values inferred from observations.
In contrast, values for the remaining parameters were determined only once because Eqs. 3 and 4 are assumed to reflect general responses of maize to changes in environmental conditions. This was done relying on the information provided by simulations carried out with CropSyst (Stöckle et al. 2003) , a soil-plant growth simulator that computes biomass accumulation and phenology for perennial and non-perennial crops at a daily time step. Inferring the parameters directly from the analysis of field experiments would have been the preferred alternative. However, the available data were too scarce to treat the effects of the individual stress factors separately.
CropSyst results considered to parameterize Eqs. 3 and 4 are essentially those described in Torriani et al. (2007) Given the relatively narrow spectrum of precipitation amounts and air humidity levels in the daily observations and the need to ensure the general validity of Eqs. 3 and 4, these primary simulations were supplemented with additional runs driven with synthetic precipitation and air humidity data. A first set of synthetic data was generated to parameterize g h , whereby observed daily rainfall amounts were reduced in turn by 20, 40 and 60%, leaving all other variables unchanged relatively to the baseline.
A second set of data was prepared specifying relative humidity in the range 10-100%. This second set was used to parameterize g VPD .
For all CropSyst simulations, soil hydraulic properties were specified with respect to a soil texture with clay, silt and sand fractions of 38, 36 and 26%, respectively, relative soil organic matter content of 2.6%, along with optimal nitrogen fertilization and automatic irrigation. The sowing date was set at day of the year (DOY) 130 and harvest was assumed to take place 5 days after maturity. Base temperature of 7°C and cut-off temperature of 20°C were specified to calculate growing degree days (GDD) (Stöckle et al. 2003) .
As shown in Fig. 1 , in simulations with CropSyst most of the biomass accumulation takes place during a so-called linear growth phase (see also Goudriaan and Monteith 1990; Monteith 2000; Yin et al. 2003) . The linear growth phase is easily identified when time is expressed in GDD units. In practice, start and end of the linear growth phase were defined in correspondence to GDD thresholds of 400 and 1,250°C-days, respectively, coinciding with DOY 182 and 273 at Waedenswil. The linear growth phase was then used as a reference for calculating the seasonal mean values of T, SR, VPD and P needed in Eqs. 1-4. Following Calanca (2004) , ET pot was estimated from the seasonal mean net radiation, NR; using the Priestley-Taylor (1972) 
equation:
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where a = 1.26 is the Priestley-Taylor coefficient, ðde sat dTÞ " T the slope of saturation vapor pressure function of temperature, evaluated at T; c the psychrometric constant and L v the latent heat of vaporization. In turn, net radiation was inferred from solar radiation using a linear relation (Davies 1967) :
with coefficients a = -20 W m -2 and b = 0.62 determined using accurate radiation measurements carried out at Payerne (6°57 0 E, 46°49 0 N, 490 m a.s.l.) within the framework of the Baseline surface radiation network (BSRN) (Ohmura et al. 1998) .
In summary, based on the results presented in Fig . The nationwide census refers to a few thousand prototype farms spread all over the Swiss territory and provides information on geographic location, cultivated area, crop productivity and production costs.
Unfortunately, the number and location of farms substantially varied from year to year. Moreover, there is no information available in the census concerning cultivars used and specific management practices. It is therefore meaningless to compare model results and observations on a farm unit basis. For this reason, yield data from farms located within a distance of 15 km from the respective meteorological stations were spatially aggregated to provide regional mean yields.
For both locations, daily climatic data for 1981-2003 were again obtained from the Federal Office of Meteorology and Climatology. To compute seasonal statistics, the limits of the linear growth phase were adjusted according the annual course of GDD. As before, base temperature of 7°C and a cut-off temperature of 20°C were used to infer the GDD from temperature. For GDD limits of 400 and 1,250°C-days, start and end of the linear growth phase were found to coincide, respectively, with DOY 169 and 254 at Wynau, and DOY 171 and 260 at Taenikon.
Values of the radiation use efficiency of 0.067 and 0.061 t ha -1 (W m -2 ) -1 were specified for Wynau and Taenikon, respectively. All other parameters (c, k, m and n) were assigned the same values as in the Waedenswil runs and ET pot was again computed using Eq. 5, with seasonal mean net radiation given by Eq. 6.
Economic framework
The economic framework adopted for the analysis considers production risk as the long-term probability that actual yield, Y, falls short of a critical threshold, Y cr , viz.:
where F(Y) is the yield distribution function with the associated mass probability function f(Y).
To define Y cr we assumed that this threshold corresponds to long-term shut-down decision taking place when the total revenue becomes equal to the costs of production:
where p is the price of grain yield and v(Y) the specific production costs. Y cr for today's conditions in Switzerland was determined using prices and costs published by Lips and Ammann (2005) . A summary of the most important entries is given in Table 1 . Some of the costs in the economic accountancy depend on the level of yield. Hence, Y cr was initially calculated for yield levels of 7.5, 8.5, 9.5, 10.5 and 11.5 t ha -1 , resulting in values of 8. 05, 8.12, 8.18, 8 .21 and 8.24 t ha -1 , respectively. A linear relation was then fitted to these results and used to determine Y cr for the full range of yields. In the simulations with climate scenarios, market prices and production costs were left unchanged in view of the large uncertainties concerning their future evolution. Again, ignoring adaptation by farmers and policy makers to the new climatic conditions implies that our results merely provide an upper bound of the possible impacts.
Climate scenarios Torriani et al. (2007) calculated yield scenarios for 2071-2100 using climate projections inferred from simulations with HIRHAM4, the regional climate model (RCM) of the Danish Meteorological Institute (Christensen et al. 1998) . With a spatial resolution of 50 km · 50 km, these regional climate simulations were originally carried out as a contribution to the PRUDENCE project and are available though the project webpage (http://prudence.dmi.dk/, accessed 24/09/2007). Details of the model setup and data processing can be found in Christensen et al. (1998) and Christensen and Christensen (2007) .
All PRUDENCE experiments included a baseline or control run for 1961-1990 and a climate scenario for 2071-2100 . The emission scenario adopted for the HIRHAM4 experiment was the IPCC SRES A2 scenario (Nakicenovic and Swart 2000). Regional assessment of climate change impacts
The corresponding CO 2 level was about 800 ppmv by 2100 (three times the pre-industrial value), which provided an upper bound for the ensemble of projections discussed in the Third Assessment Report of IPCC (Houghton et al. 2001) . Given the biases in reproducing current climatic conditions with the regional climate models used in PRUDENCE (Frei et al. 2003; Frei 2007; Jacob et al. 2007) , an anomaly approach was chosen to derive a climate distribution for the time window 2071-2100. The procedure can be outlined as follows.
Let m " X and s " X be the long-term average and corresponding inter-annual standard deviation of a series of seasonal mean values " X: In addition, let the absolute and relative anomalies of a long-term mean be denoted by D m and d m , respectively, and the relative anomaly of the interannual standard deviation be denoted by d s . Using superscripts BASE and SCEN to designate baseline and scenario, these anomalies are defined by:
The next step consists in employing the anomalies to generate in a consistent way a series of seasonal mean values " X SCEN valid for the scenario from the series of observed seasonal mean values " X OBS : This can be achieved letting:
depending on whether the shift in the long-term mean is given in absolute or relatively to the baseline. Obviously, the first-term on the right-hand side of (12) and (13) represents the adjustment of the long-term mean, whereas the second-term reflects the inflation or suppression of inter-annual variability, i.e., of mean departure of an individual year from the long-term mean. It is easy to show that Eqs. 12 and 13 satisfy (10) and (11).
Four our analysis, absolute changes in the long-term mean were assumed for T and VPD; while relative changes were assumed for P and SR: All anomalies were derived from the HIRHAM4 results for the grid-point (8°35 0 E and 47°15 0 N, 608.98 m a.s.l) closest to the station of Waedenswil.
Since changes in temperature affect the timing and length of the growing season, two scenarios were generated. The first one (referred to as SC) was calculated assuming the same limits for the linear growth phase as in the baseline. The second one (referred to as AD) was derived assuming anticipation of the sowing and harvest dates in response to higher temperatures. For the second scenario, start and end of the linear growth phase were recalculated from the annual course of the GDD using thresholds of 400 and 1,250°C-days as in the baseline. These limits were found in correspondence to DOY 155 and 223, respectively.
The data in Table 2 show that differences between the two scenarios are appreciable. Compared to SC, the AD scenario is characterized by a small change in precipitation, a less severe increase in the seasonal mean VPD and a more substantial increase in daily mean incoming solar radiation.
Results
Model test
The results of the model test are presented in Fig. 3 showing that the simulated probability distribution functions closely matched those inferred from the census data. At Wynau the median yield was of 8.6 t ha -1 and the interquartile range was of 1.0 t ha -1 for the modeled and 1.2 t ha -1 for the observed distribution. At Taenikon median yield was of 8.2 t ha -1 , with simulated and observed inter-quartile ranges of 1.1 t ha -1 and 1.4 t ha -1 , respectively.
Appreciable differences between simulated and observed yield distributions were found in the details. For instance, the modeled distribution at Taenikon was negatively skewed, while a symmetric distribution was suggested by the census data. Since the number of data available in the census varied from a minimum of 2 in 1997 to a maximum of 13 in 1988 at Wynau, and from a minimum of 4 in 1987 and 2000 to a maximum of 18 in 1989 at Taenikon, it could not be excluded that the comparison suffered from a sampling bias in the census.
Sensitivity analysis: response to changes in the precipitation regime
In a first application, Eqs. 1-4 were used to study the response of the yield distribution and associated production risks to changes in precipitation regime, including shifts in both the long-term mean and the inter-annual variability.
To provide a possibility for comparison with the results presented in Torriani et al. (2007) , the analysis was conducted with respect to the station of Waedenswil.
Denoting by hPi the total amount of rainfall throughout growing season, long-term averages m hPi between 200 and 500 mm and corresponding inter-annual standard deviations s hPi in the range 50-150 mm were specified to reasonably cover current and future rainfall regimes (see, e.g., Vidale et al. 2007) .
A distribution of climate was obtained for each combination of long-term mean and inter-annual standard deviation by first defining the distribution of hPi. Since precipitation amounts are constraint to be non-negative, hPi was modeled by means of the gamma distribution, with shape and scale parameters calculated using the moment estimators (Wilks 2006) . The gamma distribution is commonly used in meteorology and climatology to represent variations in rainfall amounts (e.g., Ison et al. 1971; Stern and Coe 1984; Wilks 1990 ).
Distributions of T; SR and VPD were then generated taking into account their relation to hPi. It was assumed that each of T; SR and VPD consists of the sum of a deterministic term, linearly depending on hPi, and a normally distributed stochastic component with zero mean and appropriate standard deviation. Deterministic and stochastic components were fitted to the observed climatology (Fig. 4) and were assumed valid for every other combination of m hPi and s hPi . For each of P; T; SR and VPD, a set of 30,000 realizations was drawn at random from the respective distributions.
Results of the sensitivity analysis are displayed in Fig. 5 . The distribution of maize yield responded markedly to changes in m hPi and s hPi . Under current conditions (dots in Fig. 5 ) mean, standard deviation and skewness of the distribution were of 8.5 t ha -1 , 0.75 t ha -1 and 0.1, respectively. Decreasing m hPi or increasing s hPi depressed mean yield and yield stability, made the skewness increasingly negative, and increased the risk of falling short of the critical yield Y cr .
The sensitivity of the production risk to shifts in s hPi appeared to be less pronounced than for the moments of the distribution. This reflects the fact that in the framework of Eqs. 7 and 8 risk was primarily determined by the overall level of productivity and only secondarily by the spread and asymmetry of the distribution.
Case study: a maize yield scenario for 2071-2100
Yield distributions calculated for the HIRHAM4 scenarios are presented in Fig. 6 . Despite disparities in the two scenarios (Table 2) , the simulated yield distributions were similar. The median yield was of 7.3 t ha -1 for SC and 7.2 t ha -1 for AD. These values should be contrasted with the 8.5 t ha -1 obtained for the baseline, which indicates that climate change is likely to have a negative impact on Fig. 3 Histogram (bars), empirical probability density function (thin continuous line) and modeled probability density function of maize yield (thick dashed line) at Wynau (top panel) and Taenikon (bottom panel). The density functions were calculated using a kernel density estimation with Gaussian kernel Regional assessment of climate change impacts Differences between the two scenarios were more pronounced concerning yield stability. Inter-quartile ranges of 2.1 and 1.3 t ha -1 were computed for SC and AD, respectively. Both values were higher than the inter-quartile range calculated for the baseline (1.0 t ha -1 ). In view of the specific climate settings, the fact that the overall yield levels in SC and AD were comparable is surprising. A closer look at the individual terms in Eqs. 1 and 2 revealed, however, different backgrounds. Potential yield was higher in SC (14.1 t ha -1 ) than in AD (12.0 t ha -1 ), thanks to the longer period available for biomass accumulation (91 against 68 days) and despite lower levels of solar radiation (204 against 234 W m -2 as an average throughout the linear growth phase).
Dissimilarities between the two scenarios were also found with respect to the limiting factors (Fig. 7) . In SC, shifts in climatic conditions resulted in a more severe limitation of productivity, both with respect to soil water shortage (median value of g h & 0.89, as opposed to 0.98 in the baseline) as well as heat stress (median value of g VPD & 0.59, as opposed to 0.69 in the baseline).
In AD, anticipation of the sowing date was effective in reducing the impact of decreased summer precipitation on yield formation. As seen in Fig. 7 , the distribution of g h was very close to the distribution inferred for the baseline (median value of nearly 0.97 in both cases). On the other hand, increasing temperature and VPD lowered productivity in AD as well (median value of g VPD & 0.62, as opposed to 0.69 in the baseline).
For present-day conditions, production risk was estimated at 28%. At first sight this value may appear high, but it could be explained by the fact that average productivity during the period 1981-2003 (8.5 t ha -1 ) was significantly lower than in 2005 (9.5 t ha -1 ), the year taken as the reference for the economic analysis. Production risk increased considerably as a consequence of climate change, attaining 67% in SC and 79% in AD.
Uncertainties in the projections
There are many sources of uncertainties in climate projections (e.g., Wigley and Raper 2001; Déqué et al. 2007 ), and their implications should be considered in impact studies. With respect to the Alpine region, variations across the PRUDENCE scenarios have been quantified by Frei Fig. 6 Histogram (bars) and modeled probability density function of maize yield for the baseline climate (BL, thin continuous line), and modeled probability density functions valid for the two climate scenarios, without (SC, dashed line) and taking into consideration a shift in timing and length of the growing period (AD, dotted dashed line). The density functions were calculated using a kernel density estimation with Gaussian kernel Fig. 7 Histograms (bars) and probability density functions for the two limiting factors, g VPD (top) and g h (bottom). Results are shown for the baseline (BL, thin continuous line), the scenario without adaptation (SC, dashed line) and the scenario accounting for anticipation and shortening of the growing season (AD, dotted dashed line). The density functions were calculated using a kernel density estimation with Gaussian kernel Regional assessment of climate change impacts (2007), Christensen and Christensen (2007) and Déqué et al. (2007) for seasonal mean temperature and precipitation. Despite differences in the specific aims, the number of scenarios and greenhouse-gases emission pathways examined, these analyses concurred in indicating that the average spread of the projections is of the order of 10-30% around the ensemble mean values. Note that following Déqué et al. (2007) , we considered the inter-model standard deviation as the metric for quantifying the dispersion.
Unfortunately, none of the aforementioned studies considered uncertainties in the projections of other climatic parameters, nor did they attempt to quantify the uncertainties related to changes in the inter-annual standard deviation. Based on the results presented by Déqué et al. (2007) we therefore assumed that uncertainties in both the absolute and relative anomalies of Table 2 can be represented by a normal distribution with coefficient of variation of 20%. For precipitation and VPD, the assumed uncertainty is of the same order as the inter-annual variability under present-day climatic conditions. We sampled each distribution 10,000 times, assuming statistical independence of the anomalies, and repeated the calculations reported in the previous section for each of the 10,000 realizations of climate. We then summarized the outcome with respect to the uncertainty in mean yield and production risk.
As shown in Fig. 8 , uncertainties in mean yield were nearly normally distributed. This reflected an almost linear mapping of the uncertainties in the climate scenario. At 2.0 t ha -1 the standard deviation of the distribution was equivalent to a coefficient of variation of 18%, slightly less than the mean uncertainty level imposed on the climate anomalies.
Production risk, on the other hand, is constrained in the interval 0-100%. It follows that the distribution of the associated uncertainties can become highly asymmetric. As seen in Fig. 8 this was indeed the case with respect to AD. Taking a median risk of 81% as a reference, the results of Fig. 8 implied that the probability of a very low or a very high risk was not negligible, with a probability of 10% to have either a risk of less than 30% or a risk higher than about 90%.
Discussion and conclusions
Regional assessments of the effects of climate change on crop production are needed at various decision levels, and they are necessary to quantify the economic impacts at the farm and regional scale. Of the various aspects related to climate change, the possible increase in climate variability has been recognized in recent years as one of the most critical issues (Mearns et al. 1997; Porter and Semenov 2005) . In this paper we demonstrated that a simple model of crop yield operating at the seasonal time scale can be a reliable tool for regional impact studies. We also showed that such a model can be linked to a very basic economic model, providing means for characterizing, at least in a qualitative way, the expected effects of climate change on production risks.
Shifts in yield and yield stability largely depend on assumptions about future emissions, the climate projections, and the downscaling procedure used to generate the climatic data at the regional scale typically required as input to crop models. Olesen et al. (2007) noted that for a site-based analysis the method used for downscaling is more crucial than the choice of a specific climate scenario. They also pointed out that use of climate model outputs directly as input to the crop is not appropriate. Following this recommendation, in our study we relied on the application of climate anomalies inferred from a regional climate scenarios as adjustment factors to an observed Table 2 with coefficient of variation of 20 % climatology, including shifts in both the long-term mean conditions and the inter-annual variability of climate.
Out of the several scenarios available from the PRU-DENCE project, we chose the HIRHAM4 scenario in order to be consistent with an earlier analysis (Torriani et al. 2007 ). Comparison of the anomalies given in Table 2 with the values published by Christensen and Christensen (2007) and Déqué et al. (2007) shows that this particular scenario represents the upper limit of the ensemble of simulations available in PRUDENCE, at least with respect to changes in summer temperature and precipitation. This needs to be taken into account when interpreting the results.
In a first application of the yield model, we found that changes in the precipitation regime alone have important consequences not only for mean yield but also for the distribution of yields, with yield stability decreasing with decreasing mean and increasing variability of seasonal rainfall, in agreement with studies in other regions (cf. Fuhrer 2006) . Taking into account changes in temperature, solar radiation and VPD provided a more differentiated picture. Ruling out adaptation, mean yield was found to decrease from 8.5 to 7.3 t ha -1 , in good agreement with the results presented in Torriani et al. (2007) . A similar decrease in mean productivity was also found by Tubiello et al. (2000) for an Italian location, but their results were obtained assuming irrigated maize production.
Many studies (e.g., Tubiello et al. 2000; Torriani et al. 2007 ) regard anticipation of sowing date of spring/summer crops as an effective measure of adaptation to increasing temperature and decreasing water availability. In these earlier studies anticipating the date of sowing had indeed a positive effect on yield levels, but our results indicated that this might not generally be true. Although average climatic conditions were more favorable in AD than in SC, shortening of the growing period (-25% relative to the baseline) resulted in a considerable loss of productivity. Therefore, to take advantage of more favorable conditions during spring time, cultivars with higher thermal time requirements would be required (Torriani et al. 2007 ).
Anticipation of the growing season had, however, a positive effect on yield stability. While yield variability more than doubled in SC, as compared to the baseline, the increase was of only 30% in AD. For a critical yield of about 8.1 t ha -1 , this did not necessarily imply lower production risks. It is clear that quantifying the economic implications of climate change requires the understanding of yield behavior in a specific economic context. Accordingly, assessing production risk solely on the basis of shifts in the distribution of yield can be misleading.
Several aspects were not addressed by our analysis. For instance we ignored the positive effects of elevated CO 2 concentration on maize productivity. Most studies conducted so far assumed that maize yields would improve roughly by 10-15% for a doubling of CO 2 (Sinclair and Rawlins 1993; Parry et al. 2004 ). This could have been considered by adjusting e rad (Sinclair and Rawlins 1993) and by modifying g h and g VPD to reflect acclimation as an increase in transpiration efficiency (Polley 2002; Fuhrer 2003) . However, the extent of the CO 2 effect has recently been questioned (Long et al. 2006) .
Furthermore, we did not attempt to account for technological advances in production, including crop improvements through breeding (Duvick 2005; Sinclair and Muchow 2001) or switching to cultivars with higher thermal time requirements (Torriani et al. 2007 ). Also, we disregarded the possibility that farmers can opt among a variety of crops and reduce the overall economic risks by choosing those responding more positively or less negatively to climate change. Mendelsohn et al. (1994) and more recently Mendelsohn and Reinsborough (2007) and showed that allowing for a palette of crops the effects of global warming on farms' value are significantly lower than estimated for a single crop with the help of traditional production functions.
Finally, we adopted an economic framework in which critical yield was only dependent on today's prices and costs. A more realistic assumption would have been that such a critical yield threshold reflects the evolution of the prices and costs relations. For instance, Parry et al. (2004) considered higher prices in response to lower crop productivity worldwide, but for Switzerland lower crop prices could be expected in view of the changes in the agricultural policy prompted by the harmonization with the Common Agricultural Policy of the European Union or in response to outcomes of negotiations of the World Trading Organization. In any case, making realistic projections remain a difficult task. In this sense, the assumption of constant prices and costs was not more arbitrary than any other hypothesis.
